Background-Zinc has been shown to have beneficial effects in vitro on epithelial barrier function, and in vivo to reduce intestinal permeability in malnourished children with diarrhoea. Ains-To determine whether malnutrition alters intestinal paracellular permeability, and whether zinc prevents such alterations. Methods-Guinea pigs were fed a normal protein diet (NP group), a low protein diet (LP group), or a low protein diet enriched with 1800 ppm zinc (LPZn group) for three weeks. Intestinal permeability was measured on jejunal segments mounted in Ussing chambers by measuring ionic conductance and mucosal to serosal fluxes of 14C-mannitol, 22Na, and horseradish peroxidase. Tight junction morphology was assessed on cryofracture replicas. Results-Mannitol and Na fluxes and ionic conductance increased in the LP group compared with the NP group but remained normal in the LPZn group. Accordingly, jejunal epithelia from the LP group, but not from the LPZn group, showed a small decrease in number of tight junctional strands compared with epithelia from the NP group. Neither malnutrition nor zinc treatment modified horseradish peroxidase fluxes. Conclusions-Malnutrition is associated with increased intestinal paracellular permeability to small molecules, and pharmacological doses of zinc prevent such functional abnormality.
Malnutrition, similar to intestinal diseases such as inflammatory bowel disease, gastrointestinal allergy, coeliac disease, and toxigenic diarrhoea, is associated with intestinal dysfunction. In children with diarrhoea, oral zinc supplementation was shown to improve intestinal permeability' and to reduce the severity and duration of diarrhoea.2 The effects of zinc were more pronounced in the subgroup of malnourished children, suggesting that the intestinal dysfunction linked to malnutrition responds positively to zinc treatment. In both human and animal malnutrition, intestinal transport of macromolecules increases,3-6 and intestinal ionic conductance and small solute permeability are also enhanced7 8 indicating that function of the intestinal barrier is altered during malnutrition. These findings raise the question of morphological integrity of the intestinal epithelium during malnutrition, as intestinal morphology is strongly implicated in the barrier function. 9 In the intestinal epithelium the paracellular permeability is mainly governed by tight junctions. They provide a continuous seal around the apical region of adjacent cells, restricting the free passage of molecules and ions across the paracellular pathway. They are regulated at the cellular level by the cytoskeleton'0 and are physiologically modulated by nutrients."C ytokines such as interferon -y (IFN-y) 2 or tumour necrosis factor cx (TNFa) Throughout the three weeks of experimental feeding, control guinea pigs (NP group) gained weight as expected and exhibited normal plasma and intestinal protein concentrations (Table II) . By contrast, the malnourished animals, in both the LP and LPZn groups, showed weight losses, which after 18 days resulted in a mean body weight that was below the initial level at weaning, and was half the mean body weight of the NP group. In the LP and LPZn groups, total plasma proteins were significantly reduced but intestinal mucosal proteins remained unchanged. Ionic conductance, calculated as described in methods, increased significantly in intestinal segments from the LP group compared with segments from the NP and LPZn groups (Fig 1A) . This increase in conductance was concomitant with an increase in mannitol and Na fluxes (Fig 1B and C) . There was a linear relation between mannitol and Na fluxes (Fig 2) ; the slope of the relation was 58, which was close to the theoretical value of 54 for the free diffusion of mannitol and Na. (Fig 1 D) .
MORPHOLOGICAL FINDINGS
Initial examination of the apical region of the plasma membrane of enterocytes from NP, LP, and LPZn groups by thin section electron microscopy showed no morphological differences in this respect between the three dietary groups (not shown). Figure 3 shows freeze-fracture replicas of jejunal segments from the three groups. In these micrographs, a tight junction appeared as a network composed of strands shown by fracture of the cytoplasmic leaflet of the plasma membrane (P face), and grooves produced by fracture of the exoplasmic leaflet (E face). The number of strands and grooves in the tight junction network was counted to assess the effect of malnutrition and zinc on structure of the tight junctions. Despite the absence of obvious differences between the appearance of the tight The correlation between Na and mannitolfluxes is significant (r=0-981, p<0 0001) and the slope of this linear relation is 58. This is close to the theoretical value of 54 for the free diffusion of mannitol and Na, indicating that both markers use the same paracellular pathway.
junctional network in the three groups studied n (Fig 3) , jejunal epithelia from animals in the LP group, but not from those in the LPZn group, exhibited 10% less tight junctional strands than epithelia from animals in the NP group (Table III) . We concede that application of ordinary hypothesis testing to these results would be flawed on account of nonindependence of different sites in the same animals; the design of our study followed others" 23 that also failed to allow for this.
Another study in our laboratory,24 using malnourished animals fed 4% milk proteins (instead of 4% soya proteins in this study) also showed that the number of strands decreased by 15% in malnourished animals (strands number=4-50) compared with control animals (strands number=5.28). rose. This rise in permeability was probably paracellular, as we found a consistent correlation between mannitol and Na fluxes. Moreover, the slope of the relation between them was 58 -that is, close to the theoretical value of 54 -suggesting that these two markers shared the same paracellular pathway.22 Such functional perturbations might be due to morphological alteration of the intestine, because malnutrition is generally reported to alter intestinal histology at both the light and electron microscopy levels. 27 28 In our study, the absence of epithelial necrosis indicated that the increase in permeability was probably due to specific perturbations of the paracellular pathway. Slight morphological differences were found in freeze-fracture replicas of intestinal segments. Thus the number of tight junction strands diminished in the LP group, by about 100%, when compared with the NP and LPZn groups. The same pattern was observed in a previous study in our laboratory,24 using malnourished guinea pigs fed a low protein diet (4%0 milk proteins instead of 4% soya proteins in this study), in which the strands number decreased by 15% in malnourished animals compared with control animals. It has previously been suggested that In conclusion, our findings show that experimental malnutrition increases intestinal paracellular permeability to small molecules and that this increase is fully prevented by pharmacological doses of zinc. They further suggest that such intestinal dysfunction might take place in the tight junctions, the stabilisation ofwhich may be improved by zinc. The exact mechanism involved in the effects of zinc remains to be determined, as well as its clinical relevance to human malnutrition.
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